Background Chronic hepatitis C (HCV) is a significant risk factor for cirrhosis and subsequently hepatocellular carcinoma (HCC). HCV patients with cirrhosis are screened for HCC every 6 months. Surveillance for progression to cirrhosis and consequently access to HCC screening is not standardized. Liver biopsy, the usual test to determine cirrhosis, carries a significant risk of morbidity and associated mortality. Transient ultrasound elastography (fibroscan) is a non-invasive test for cirrhosis. Purpose This study assesses the cost effectiveness of annual surveillance for cirrhosis in patients with chronic HCV and the effect of replacing biopsy with fibroscan to diagnose cirrhosis. Method A Markov decision analytic model simulated a hypothetical cohort of 10,000 patients with chronic HCV initially without fibrosis over their lifetime. The cirrhosis surveillance strategies assessed were: no surveillance; current practice; fibroscan in current practice with biopsy to confirm cirrhosis; fibroscan completely replacing biopsy in current practice (definitive); annual biopsy; annual fibroscan with biopsy to confirm cirrhosis; annual definitive fibroscan.
Introduction
The annual incidence of chronic hepatitis C virus (HCV) in the UK is approximately 10,000, with an estimated 216,000 prevalent cases in 2012 [1] . It is estimated that 20-30 % of these patients will develop cirrhosis after 30 years. Cirrhosis due to chronic HCV is associated with an increased risk of hepatocellular carcinoma (HCC) which is as high as 40-fold that of the general population [2, 3] . Cirrhosis develops through the progressive stages of fibrosis. These stages are described and defined by a variety of staging criteria, with the set of criteria most widely used at the present time being the Metavir system [4] . The results from various studies suggest that progression through these stages occurs in a linear fashion [5, 6] . Alcohol consumption, increased age at time of infection, and male gender increase progression to cirrhosis, while genotype and viral load seem to have no effect [6] [7] [8] [9] [10] .
Reported rates of HCC in hepatitis C patients with cirrhosis vary from 1.2 to 8.0 % per year [11] [12] [13] [14] . It was originally thought that HCV only leads to HCC in the presence of established cirrhosis. However, it has recently been found that patients with chronic HCV may develop HCC earlier, i.e., prior to the manifestation of cirrhosis. In two studies, the incidence of HCC in patients with Metavir stage 3 fibrosis was 0.8 % per year [3, 15] . This compares to 0.2-0.5 % per year in patients with hepatitis B without cirrhosis who are currently offered HCC screening [16, 17] .
Once patients with HCV develop cirrhosis, international good practice guidelines recommend screening for HCC with ultrasound scanning (USS) and serum alpha-fetoprotein (AFP) every 6 months [18] [19] [20] . Current UK practice does not, however, recommend a specific interval for assessing fibrosis progression in order to diagnose cirrhosis and commence screening. Estimates range from 50 % of patients receiving biopsy in any 3-year period [21] to 87 % over 7.6 years [22] .
Progression to cirrhosis and development of HCC are often clinically silent [5] . HCC has a typically poor prognosis, but if diagnosed early while still operable, survival improves considerably.
Liver biopsy is the gold standard diagnostic test for cirrhosis. With liver biopsy, a false-positive diagnosis is unlikely, but fibrosis is rarely uniform throughout the whole liver and downstaging is not infrequent. The sensitivity of liver biopsy has been stated to be as low as 0.65-0.75 [4, 23] . In addition, estimates of the proportion of patients not suitable for or refusing liver biopsy range from 33 to 60 % [8, 22] . Liver biopsy also has associated mortality risk [24] .
Transient ultrasound elastography (fibroscan; FibroScan Ò ; Echosens, Paris, France) [25] assesses the stiffness of the liver as a marker of the fibrosis stage. Diagnostic accuracy requires the system to record ten valid readings with an interquartile range (IQR) that does not exceed 30 % of the median. Although there are no contraindications, the standard probe is unreliable for patients with a body mass index of [30 [26, 27] . A new XL probe has been shown to have excellent accuracy in obese patients [28] , and the failure rate of this procedure, including that due to high BMI, has been reported to range from 3.1 to 41.7 % [27] . Meta-analyses have estimated the sensitivity and specificity of the fibroscan for diagnosing cirrhosis in chronic HCV to be 0.83 and 0.91, respectively. The area under the receiver operator curve is 0.94 [29] [30] [31] [32] . It has consequently been recommended as a definitive investigation modality for diagnosing cirrhosis [27, 33] .
The primary aim of this study was to assess the cost effectiveness of implementing annual surveillance of chronic HCV patients to diagnose cirrhosis and allow these patients access to HCC screening programs. The second aim was to calculate the impact and cost effectiveness of replacing liver biopsy with fibroscan for the diagnosis of cirrhosis in these patients, both in current practice and if annual surveillance were to be implemented.
Methods
Seven mutually exclusive strategies were adopted and compared to answer the questions posed in the study:
A: Natural history: investigations only conducted after patients have become symptomatic; no biopsy surveillance of fibrosis stage or HCC screening. B: Current UK surveillance and screening: intermittent biopsy of patients with chronic HCV without cirrhosis to monitor fibrosis stage, followed by USS and AFP screening for HCC at 6-month intervals once cirrhosis has been diagnosed. C: Annual biopsy of patients with chronic HCV without cirrhosis as surveillance of fibrosis stage, followed by HCC screening at 6-month intervals once cirrhosis has been diagnosed. D: Management pattern following current UK surveillance and screening, replacing intermittent biopsy with fibroscan surveillance of fibrosis stage. Biopsy is used to confirm any diagnosis of cirrhosis, followed by HCC screening at 6-month intervals once cirrhosis is confirmed. E: Management pattern following current UK surveillance and screening, replacing intermittent biopsy with fibroscan. Fibroscan is considered to be the definitive investigation with HCC screening at 6-month intervals once cirrhosis is diagnosed. F: Annual fibroscan of patients with chronic HCV without cirrhosis as surveillance of fibrosis stage, with confirmation biopsy for a cirrhosis diagnosis, followed by HCC screening at 6-month intervals once cirrhosis is confirmed. G: Annual fibroscan as a definitive investigation for surveillance of patients with chronic HCV for development of cirrhosis, followed by HCC screening at 6-month intervals once cirrhosis is diagnosed.
These seven strategies were assessed by constructing and analyzing a state transition Markov model created using TreeAge Pro R2.0 (TreeAge Software, Williamstown, MA). Aggregated published data were used to inform the structure of this model and populate the parameters. Data were collated from systematic searches carried out in the UK National Health Service Economic Evaluation Database, Health Economic Evaluation Database, Harvard School of Public Heath Cost-Effectiveness Registry, Medline, EMBASE, and PubMed and with cross referencing of citations for all English language papers published from 1990 to 2012.
A hypothetical cohort of 10,000 patients in the UK aged 34 years [1] with chronic HCV and no fibrosis were simulated over their lifetime; cycle length was 3 months. Progression occurs through Metavir fibrosis stages. Patients with cirrhosis may decompensate. Patients with Metavir stage 3 fibrosis or cirrhosis can develop HCC. All HCC cases are initially operable and may progress to being inoperable. Figure 1 is a diagram of disease progression used for the transition states, and Fig. 2 is a representation of how the model informs transition between states in each cycle.
The model assumes that: (1) all states are progressive with no regression; (2) the probability of transition to HCC is the same from compensated or decompensated cirrhosis; (3) the clinical nature of decompensated cirrhosis means all decompensated cirrhosis is diagnosed; (4) probability of having a biopsy is the same in all stages of fibrosis.
Outcomes of interest were quality-adjusted life years (QALYs) expected from each strategy, unadjusted life years, number of patients with cirrhosis correctly diagnosed, and number of HCC cases detected. The QALY values used for each health state within the model are shown in Table 1 . They are derived from published studies using EQ-5D, a standardized instrument for measuring health outcome (www.euroqol.org) that has been validated in chronic HCV and in the UK population [2, 9, [34] [35] [36] [37] .
This analysis is from a healthcare service provider (UK National Health Service, NHS) perspective. Costs for many elements of chronic HCV care have previously been derived through micro-costing [4, [38] [39] [40] [41] . For procedures or health states where no costing studies exist, NHS reference costs were used [42] , as summarized in Table 2 .
Costs and benefits were both discounted at 3.5 % [43] . Transition probabilities and test characteristics used within the model are summarized in Table 3 , with a summary of the base case in Table 4 .
Model Calibration and Validation
Calibration ensures a clinically relevant and meaningful model [44, 45] . To calibrate the baseline model we identified two targets. The first was the proportion of cohort diagnosed with cirrhosis. The UK National Institute of Clinical Evidence (NICE) and the program of Health Technology Assessment (HTA) both use a benchmark expectation of 30 % of patients with chronic HCV developing cirrhosis 20-30 years following diagnosis [41, 46] . The secondary target was the proportion of patients the model predicts will be diagnosed with HCC. Estimates from empirical studies in Europe and the USA vary from 4.8 [13] to 28 % [15] with between 5 and 25 years followup [13-15, 47, 48] .
The adequacy of calibration was assessed by visual fit to the target values. The model outputs were additionally Fig. 1 A simplified verified by assessing life expectancy prediction compared to published reports. The expected cost effectiveness results this model generated for current HCC screening compared to natural history were also assessed and compared to the literature for cross-validity.
Sensitivity Analysis
Univariate deterministic sensitivity analyses were conducted on all independent parameters to assess the robustness of the optimal strategy choice. 
Results

Calibration and Validation
The base case model of current UK practice predicts 28.9 % of the cohort will be diagnosed with cirrhosis 30 years after the diagnosis of chronic HCV. This correlates well with the first target and represents patients with HCV who are either untreated or for whom the virus is treatment resistant. The second calibration target was also adequately met, as can be seen in Fig. 3 . Life expectancy in the natural history strategy is 71.27 years (37.27 years from diagnosis). This increases to 71.62 years with current surveillance and screening (an additional 128 days). The additional survival changes with age at diagnosis: From 0.39 years (142 days) if diagnosed at aged 20 years to 0.13 years (47 days) when diagnosed at aged 50 years. This is similar to previous findings [39] .
The portion of the model reflecting current HCC screening practice has been compared to disease natural history in previous studies, and the results of these studies were used to cross-validate the present model. None of the previous models take into account the reliability of diagnosing cirrhosis, and all commence their cohorts with diagnosed cirrhosis. To compare our model with those of previous studies, we conducted a cohort analysis with a hypothetical population of 10,000 patients starting in the diagnosed cirrhosis state. The current surveillance strategy then produces a QALY gain of 0.24 over the natural history strategy at an additional cost of £4,323.17. The incremental cost-effectiveness ratio (ICER) was £18,013.21/QALY, which is comparable to that reported in three previous studies [2, 38, 49] .
Proportion of Cirrhosis Diagnosed by Each Strategy
Implementing annual surveillance of patients, instead of current practice, increases the proportion of patients correctly diagnosed as having cirrhosis by 30 % using fibroscan and 40 % using biopsy. An annual biopsy increases the number of chronic HCV patients receiving HCC screening 10 years after diagnosis by 80 patients per 10,000 receiving surveillance, or an extra 100 patients using definitive fibroscan. After 20 years, this increases to 492 and 549 additional patients, respectively. Twenty percent more cases of HCC in patients with cirrhosis is consequently diagnosed, which is an extra 76 HCC cases over 30 years. Probability of false positive results is 1 -specificity and the probability of a false negative is 1 -sensitivity. References for values used and the upper and lower limits used in the sensitivity analysis stage 3 fibrosis as biopsy is considered to have a perfect specificity so there are no false-positive diagnoses of cirrhosis and no additional screening. Used as a definitive investigation, fibroscan misdiagnoses 1.2 % cases of Metavir stage 3 fibrosis as cirrhosis when it replaces biopsy in current surveillance. This increases to 6.9 % if used for annual surveillance. Consequently, with definitive annual fibroscan, 137 extra patients enter HCC screening per 10,000 under surveillance. This enables an additional 30 HCC cases to be detected before the patient develops cirrhosis. These results suggest that commencing HCC screening earlier in fibrosis progression may be worthwhile.
Proportion of HCC Cases Diagnosed
According to the model, 65 % of all HCC in patients with chronic HCV and cirrhosis is detected by the current strategy in the UK and 17 % of HCC that develops in Metavir stage 3 fibrosis patients. Implementing annual definitive fibroscan surveillance and commencing HCC screening once cirrhosis is diagnosed potentially increases the HCC cases diagnosed in cirrhosis to 75 %. As fibroscan is not 100 % specific and we found that definitive fibroscan misdiagnosed 7 % of Metavir stage 3 cases as cirrhosis, this would result in an additional 1.4 % of the patient cohort entering screening (139 extra patients per 10,000 in surveillance). Extending screening to these patients allows 40 % more of the HCC developing before cirrhosis to be diagnosed.
The underlying prevalence of cirrhosis increases from 0.16 % at 5 years from diagnosis to 42.00 % after 30 years with chronic HCV. Annual definitive fibroscan diagnoses 23.21 % more cirrhosis than the current strategy. In practice, 2,000 patients need to be under surveillance to diagnose one additional case of cirrhosis 5 years after diagnosis; this drops to ten patients at 30 years. Thus, 132 patients need to be under annual surveillance to diagnose one additional HCC through the increased numbers entering HCC screening.
Cost Effectiveness of Strategies
With an acceptability threshold of £30,000/QALY gained, annual definitive fibroscan is the optimal strategy. It generates an ICER of £6,557.06/QALY over the next best strategy: symptomatic investigation and treatment with no fibrosis surveillance or HCC screening. Definitive fibroscan replacing biopsy in current surveillance is an extendedly dominated strategy; all other strategies are strictly dominated (Fig. 4) .
The model was modified to allow hypothetical patients to be analyzed in a Monte Carlo simulation. In total, 10,000 patients were tracked through the model over their lifetime and the number of biopsies counted. This model predicts that within the context of the program of current surveillance and screening strategy in the UK the expectation is that one biopsy would be conducted in every two patients diagnosed with chronic HCV over a lifetime. This is reduced to one biopsy in every four patients if biopsy is only used to confirm cirrhosis following a fibroscan. Using fibroscan without confirmation biopsy would save over 2,000 liver biopsies per year in the UK using current prevalence data [1] .
Sensitivity Analysis
The key results of the univariate sensitivity analysis are shown in Fig. 5 . The expected ICER is most sensitive to change in the underlying rate of cirrhosis. More patients with diagnosed cirrhosis require more screening and treatment with higher total cost, but as all strategies face higher costs, incremental cost is not much changed. At a high incidence of cirrhosis, total and incremental QALYs fall by 25 % as more patients are in worse health states and an increasing incidence of cirrhosis causes an increased incidence of HCC. Even at the highest feasible rate for developing cirrhosis, which might reflect a high-risk population such as HCV-human immunodeficiency virus co-infected patients, an annual fibroscan is still cost effective using a threshold of £30,000/QALY. The sensitivity and specificity of fibroscan also have a significant effect on the expected ICER. Low sensitivity reduces diagnosed cirrhosis, significantly reducing the cost of the strategy as fewer people are screened or treated (half the total cost and a 25 % decrease in the incremental cost). Without screening more HCC cases are missed and therefore mortality is greater and QALYs fewer (incremental QALY decreases to 0.06). The dramatic fall in QALYs gained doubles the ICER, halving the expected cost effectiveness of implementing the policy. Lower specificity means more false-positive diagnoses of cirrhosis so more patients are screened. This is reflected in higher costs (30 % more than base case), but substantially more QALYs (incremental QALY 2.81 compared to 0.55 in the base case). These results indicate the potential magnitude of QALY benefit from screening all patients at Metavir stage 3 fibrosis.
The highest feasible cost for fibroscan suggested by a micro-analysis conducted for the NHS purchasing committee was £36 per scan [39] . Use of definitive fibroscan to replace biopsy in current practice becomes preferred if the cost per procedure is higher than £164. At a cost of £658 per scan no strategy using fibroscan would be cost effective with a threshold of £30,000/QALY.
As age increases, the QALYs expected become so small that the ICER crosses the cost-effectiveness threshold. At age 72 years current practice with definitive fibroscan becomes optimal; at age 84 years, symptomatic management becomes optimal.
Discussion
In the UK, annual surveillance strategies are effective for the surveillance of patients with chronic HCV to diagnose cirrhosis and allow access to HCC screening with the aim of improving HCC diagnosis and prognosis. The most costeffective surveillance strategy is annual definitive fibroscan, which would allow 20 % more cirrhosis cases to be diagnosed than current practice. This means that from a cohort of 10,000 patients, an extra 549 patients would access screening over a lifetime, resulting in an expected 76 additional HCC cases diagnosed.
Compared to current UK practice, annual definitive fibroscan surveillance delivers an additional 1.72 unadjusted life years and costs an additional £98.78 per patient over a lifetime. Implementing annual screening with fibroscan is half the cost of using biopsy. Fibroscan is also non-invasive so more people are able to have the procedure without attributable mortality or increased morbidity. Annual fibroscan surveillance of 132 patients will diagnose one additional HCC case over a lifetime. The ICER for annual fibroscan is £6,557.06/ QALY gained, which is well below the acceptability threshold used by NICE. There are no previous studies considering this question to compare this result with.
Annual definitive fibroscan is optimal for patients aged between 20 and 72. Above the age of 72 years, patients should only receive fibroscan if they would have had biopsy in current practice. After the age of 82 years, patients should no longer receive fibrosis surveillance or HCC screening and should only be investigated if they become symptomatic. Fibroscan is cost-effective in populations where the prevalence of obesity is\80 %, and it the remains optimal strategy as long as compliance is [20 %. Annual definitive fibroscan remains the optimal strategy and becomes even more cost effective as the risk of HCC increases. This means that this strategy would be cost effective in populations with a high HIV or HBV coinfection and concomitant alcohol use and in injecting drug users, all of which are factors that increase the risk of HCC in the UK.
Fibroscan is a new technology and as such the cost to the NHS of developing surveillance programs is unclear. Based on a recent study [40] that completed a microcosting assessment (assuming that procedures took 5-15 min; machine lifespan was 5-10 years; number of procedures annually were 2,500-7,000), the authors concluded that the expected cost per procedure would be £13-35. Fibroscan should be rationed to replacing biopsy in current practice if it costs £164 to £658 per procedure to implement. If costs for any hospital are more than £658 per procedure the technology is not cost effective for this indication.
Within this model imperfect specificity of the fibroscan meant that patients with Metavir stage 3 fibrosis, who are at risk of HCC but not currently eligible for screening programs, could enter such screening programs. This would lead to the diagnosis of 25 additional HCCs in patients with Metavir stage 3 fibrosis. A future study is needed to comprehensively consider the effectiveness and cost effectiveness of screening patients with Metavir stage 3 fibrosis for HCC rather than waiting until these patients actually develop cirrhosis. This strategy might provide the opportunity to diagnose more HCC cases earlier when the HCC is at operable and potentially curable stages, which could significantly improve prognosis. Annual definitive fibroscan provides a potentially cost-effective mechanism to diagnose Metavir stage 3 fibrosis that is acceptable to patients. Studies by Castera [26, 27] suggest that to achieve a sufficiently accurate diagnosis of Metavir 3 fibrosis, the fibroscan should be combined with serum tests. This would need to be modeled along with all other mutually exclusive relevant comparisons that may arise in this scenario.
The model qualitatively met the calibration targets well. The life expectancy predictions and cost-effectiveness results for current HCC screening compared to natural history verified that the model outputs were credible [43] .
Sensitivity analyses begin to assess the parameter uncertainty and their implications upon the choice of an optimal strategy. Increases in the ICER (i.e., greater cost per QALY gained) from this parameter uncertainty predicted results in the loss of health service efficiency. The sensitivity analysis suggests that definitive annual fibroscan Dig Dis Sci (2013) 58:2691-2704 2701 is a robust optimal strategy; however, it reflects only single parameters changed at any time.
Standardizing the surveillance of fibrosis in patients with chronic HCV is a cost-effective strategy in terms of more patients being diagnosed with cirrhosis, entering screening programs, and subsequently having HCC diagnosed. Diagnosing and treating more HCC cases did provide a survival benefit. Some researchers may raise the argument that diagnosing asymptomatic people with a terminal condition with few effective treatments may have limited benefit. This model has not considered the possible benefit of better cirrhosis treatment to prevent decompensation or reduce mortality; we also did not consider other potential benefits to patients of being part of a regular screening program. These could include counseling to reduce alcohol consumption and earlier referral for treatment of comorbid conditions, which in turn could delay progression to cirrhosis. These additional benefits would make fibrosis surveillance with fibroscan even more cost effective. We also did not analyze different surveillance intervals dependent on the stage of fibrosis diagnosed. It is possible that patterns of surveillance that have longer intervals for mild or no fibrosis have a potential for even greater cost effectiveness. Patients with chronic HCV are typically young, in their most productive years. Extending the scope of this analysis to consider societal cost and benefit may reveal that keeping these patients well and functional for as long as possible further improves the benefits. Additionally, some aspect of productivity will be captured in the QALY attributed to the health states.
There have been a number of recent studies suggesting the possibility of personalized medicine in terms of in riskstratification of patients with the potential prevention of HCC [50] [51] [52] . Further research may prove that fibroscan plays a fundamental role in the surveillance of fibrosis stage in patients with chronic HCV. Currently the potential to diagnose HCC earlier, both in terms of fibrosis stage and cancer stage, has only a small benefit. Recent studies into multi-targeted tyrosine kinase inhibitors suggest improved treatment and life expectancy for patients with HCC may be on the horizon, which would make annual surveillance even more beneficial [53, 54] .
In summary, annual definitive fibroscan may be a costeffective surveillance strategy to identify cirrhosis in patients with chronic HCV, allowing these patients access to HCC screening and resulting in reduced mortality and morbidity due to HCC.
